Introduction
and image-guided surgery. [2] [3] [4] [5] For this aim, near-infrared (NIR) fluorescent probes, particularly those with emission peaks appearing in the spectral range of the "optical window" (650 -900 nm, often called "NIR window" 6 ), are of high interest, because of minimal NIR autofluorescence of biomolecules in vivo, as well as comparably deep tissue penetration of NIR light. 7 Therefore, scientists have been motivated to create NIR fluorescent probes for detecting specific targets, 8, 9 as well as to establish NIR fluorophores with excellent optical properties. Indeed, the statistical survey based on SciFinder ® shown in Fig. 1 clearly proves the rapid progress in the field of near-infrared fluorescent probes in the 21st century.
Whereas numerous fluorophores (a common definition of a "fluorophore" is a component of a molecule giving rise to fluorescence emission) have been reported so far, the emission wavelengths of most of the known fluorophores are located in the ultraviolet (UV) or visible range below 600 nm. 10 Relatively few fluorophores with longer emission wavelengths have been reported, and most of them belong to the category of cyanine dyes, such as indocyanine green (ICG) 11 or CyDye TM . 12 Despite the long-wavelength absorption/fluorescence of cyanine dyes, their fluorescence quantum yields and photostabilities are in some cases not satisfactory, especially with increasing length of the polymethine chain. 13 Both the strategy to improve the photophysical properties of cyanine fluorophores by chemical modification, 14 and the search for NIR fluorophores alternative to cyanines, are of great interest. Indeed, the investigation of novel NIR fluorophores has been increasing year by year. Therefore, in this review, we are aiming to summarize the recent accelerating progress in NIR fluorophores for biological application, while specifically focusing on the two rapidly growing BODIPY and rhodamine derivatives.
The data compiled in this review, including chemical structures and optical properties (Table 1) of all compounds introduced, provides readers of this article with an overview of the field of NIR fluorophores. 
NIR Fluorophores Based on BODIPY 2·1 Summary of BODIPY fluorophores
Boron dipyrromethene dyes (4,4-difluoro-4-bora-3a,4a-diazas-indacene dyes, 15 often called 'BODIPY' or 'BDP') shown in Fig. 2 can be regarded as being one of the most frequently investigated fluorophores during the first decade of the 21st century, as indicated by the publication of several review articles. [16] [17] [18] BODIPY dyes were first discovered and studied in the 1960s and 70s (1 -8 in Fig. 3) . 19, 20 Some of the known BODIPY labeling probes have become widely commercially available (9 -20), 21 and BODIPY-based fluorescent probes have been frequently investigated as suitable candidates for fluorescent sensors, 18 and photosensitizers for photodynamic therapy, 22 among other applications. 23 The excellent properties of BODIPY dyes, especially their sharp spectra and shiny fluorescence, have dazzled many scientists. Furthermore, the ease of chemical modification of BODIPYs stimulated the curiosity of chemists, similarly to playing with LEGO ® blocks, and as a consequence, numerous analogues further enhancing the potential of BODIPY dyes have been reported. For example, all of the 7 carbon positions can be independently modified with various kinds of substituents, and the fluorine atoms can be replaced by other halogens, 27 carbon 28,29 or oxygen atoms. 30, 31 In many cases, such modification contributes to spectral shifts. 16 Hence, in the following, some of the effective modification concepts for developing NIR emitting BODIPYs are summarized. 21 -35, Fig. 3 )
2·2 NIR emitting BODIPYs by chemical modification 2·2·1 Aza-BODIPY (
The replacement of a carbon atom at the 8 position by a nitrogen atom is known to invoke a significant bathochromic shift (80 -100 nm), and the obtained dyes, often referred to as "aza-BODIPY", exhibit intense NIR fluorescence. The first report concerning aza-BODIPY was published in 1993, 32 and then further investigated by O′Shea's group and others in the early 2000's. [33] [34] [35] Recently, the complicated synthetic mechanism of aza-BODIPY has been unveiled, 36, 37 allowing for further development of new aza-BODIPY analogues. 38, 39 In addition, a chemical modification of the aza-BODIPY core similar to BODIPYs, as described below, basically contributes to a red shift of the fluorescence emission. 2·2·2 "Coupled" BODIPY (36 -79, Fig. 4 ) Introduction of aryl, 40, 41 vinylaryl (styryl), [42] [43] [44] [45] or ethynylaryl 46-48 groups at the 1-to 7-positions significantly contributes to bathochromic shifts. The degree of the bathochromic shift depends on the introduction positions: a modification at the 3-/5-position has a more drastic effect than at the 1-/7-or 2-/6-position. 40, 45, 49 Some of the 3-/5-substituted BODIPYs are commercially available. 21 These aryl moieties can be easily introduced via palladium-catalyzed coupling reactions (for all) 46 or Knoevenagel condensation (for vinylaryl BODIPY), 42, 44 allowing easy tuning of the fluorescence wavelength. However, the extinction coefficients and the quantum yields of 3,5-aryl-substituted BODIPYs tend to decrease in some cases, 40 probably due to rotation of the aryl rings. 80 -111, Fig. 5) The disadvantages of 3-/5-aryl-substituted BODIPYs mentioned above can be overcome by restricting of phenyl ring rotation. According to a report by Burgess's group, a certain increase of the extinction coefficients, while retaining or increasing quantum yields, as well as a bathochromic shift was observed, indicating that constructing NIR fluorophores is feasible with this approach. 50 Also, B-O-chelated (aza-) BODIPYs (87 -91), where the aryl rings are fixed via a B-O bond, provide similar positive effects. 51, 52 Rotation restriction of the aryl rings by other methods was also investigated (92 -98), and the synthesized fluorophores generally exhibit good optical characteristics. 53, 54 Adaptation of this restriction concept to aza-BODIPYs resulted in further long-wavelength shifted BODIPYs (99 -110) , whose emission maxima were in the region of 700 -750 nm, while retaining sharp emission spectra, high extinction coefficients (~150000 M -1 cm -1 ) and quantum yields (up to 0.46; emission, 690 nm). 55, 56 The same concept is also applicable for 3,5-styryl-substituted BODIPYs. 3,4,4a-Trihydroxanthenefused BODIPY (111) , which looks like a styrene-restricted BODIPY, shows NIR fluorescence at 747 nm, which is at over a 100 nm longer wavelength than that of styryl BODIPY. " BODIPY (112 -225, Figs. 6, 7) A more challenging approach to shift the emission of BODIPYs into the NIR range is the fusion of aromatic rings onto the BODIPY core, which relies on the idea of π-extension, while keeping the rigidity of the BODIPY framework in order not to the lower quantum yields. The impact of the strategy of aromatic-ring fusion on the optical properties is much more unpredictable than that in the case of other strategies. Therefore, it is difficult to estimate the optical properties (especially extinction coefficients and quantum yields) of BODIPYs designed according to this concept before actually synthesizing them. Nevertheless, the number of reports concerning fused BODIPYs is actually increasing over the past years, and some of the reports introduce exceptionally brilliant BODIPY analogues.
2·2·3 "Restricted" BODIPY (
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2·2·4 "Fused
The fusion of benzene rings at the a-and/or h-positions of Fig. 2 ) is known to induce a remarkable bathochromic shift, as shown in an early reported patent. 58 Much work has been published on the basis of this concept over the past years (e.g. benzo-fused BODIPY (112 -164), [59] [60] [61] [62] [63] [64] benzo-fused B,O-chelated BODIPY (165 -167), 65, 66 benzo-fused aza-BODIPY (168 -177), 37, 67, 68 and areno-fused BODIPY (178 -186) 69, 70 ), and the following briefly describes the tendency of the effect of modifying the optical properties: about a 50 nm red shift is achieved by introducing one benzene ring, resulting in similar, or a bit lower, optical properties compared to that of the original BODIPY (spectral sharpness, extinction coefficients, quantum yields). The extinction coefficients are for the most part almost identical to, or lower than, those of BODIPY (~80000 M -1 cm -1
), despite of the extension of the π-conjugation, which is expected to actually increase the extinction coefficients. Furthermore, only a few of them are applicable for bioimaging purposes at this moment, due to the extremely high hydrophobicity.
On the other hand, the fusion of aromatic rings at the b/g positions (e.g. benzo-fused BODIPY (187 -193) [71] [72] [73] [74] [75] and furano-/thieno-fused BODIPY (194 -225) [76] [77] [78] [79] [80] [81] ) sometimes has an unpredictable impact on the optical properties. For instance, the introduction of a phenyl ring at the b position (190) resulted However, the fusion of π-sufficient heteroaryl groups instead of benzene resulted in an extraordinary improvement in the optical properties of BODIPY, as can be seen in the case of the furano-fused BODIPYs named KFL (194 -207 in Fig. 7) , for example. The ensemble of the KFL series covers a wide spectral range (547 -738 nm), while retaining very sharp emission spectra, large extinction coefficients (up to 300000 M -1 cm -1 ) and high quantum yields (up to 0.98, in chloroform). The brightness, which is defined as the product of the extinction coefficient and the quantum yield, is over 120000 -280000 M -1 cm -1
, the values of which are recognized as the highest class among fused BODIPYs ( Fig. 8 and Table 1) . 76, 77 A further advantage of KFL is the suitability for biological applications, which for many of the other fused BODIPYs has either not been attempted, or was not successful. For example, NIR fluorescent probes for intracellular calcium imaging based on KFL 82 and for photodynamic therapy 78,80,81 based on thieno-fused BODIPY have been accomplished. Furthermore, combining with the concept of energy transfer cassettes 23 has overcome one drawback of KFL (small Stokes shift), thus allowing the simultaneous bioimaging of two species in cells with a single excitation light source. 83 The application of KFL for single molecule fluorescence imaging has been performed with less blinking, which reveals a sufficient photostability of KFL for biological applications superior to that of cyanine dyes, in cases where high-density laser irradiation is required, such as in single-molecule fluorescence imaging. 84 Thus, the attractive potential and "unexpected" features of fused BODIPYs motivate many scientists, resulting in an increase in the number of publications these years. For example, very recently naphtopyrrole-fused BODIPY (226), which exhibits brilliant optical properties, such as intense extinction coefficients (327000 M -1 cm -1 in chloroform) and emission (λFlu, 744 nm; QY, 0.63), has been published. 85 It indicates that a further evolution of BODIPY is highly expected.
2·3 Challenges concerning the improvement of BODIPY
Consequently, many attempts based on different ideas have greatly contributed to maximize the intrinsic potential of BODIPY as a good candidate for an NIR fluorophore. However, one other shortcoming of BODIPY still remains: that is, its comparably high hydrophobicity.
In particular, the hydrophobicity of BODIPY tends to increase with increasing wavelength, because of its large π-conjugated structure, resulting in stacking effects caused by π-π interactions. Hence, smart and efficient strategies are required to overcome this issue, which is currently being challenged by some groups. [86] [87] [88] The photostability of BODIPY sometimes becomes a point of argument.
BODIPY was originally considered to be a "photostable" fluorophore, 21 but recent research by Nagano's group demonstrated that the actual photostability of BODIPY depends on the chemical structure. 89 The correlation between the chemical structure and the photostability was investigated in detail, resulting in improvements of the photostability.
NIR Fluorophores Based on Rhodamine
3·1 Summary of rhodamine fluorophores
The first description of rhodamines (rhodamine 110 (227) and rhodamine B (229)) occurred in a patent published in 1887 by Maurice Ceresole. 90 This "old" fluorophore has been re-spotlighted in recent years, and has evolved into a "new" trend in the field of NIR fluorophores. The advantages of rhodamine are its moderate hydrophilicity and excellent photostability, two issues that need to be addressed in the case of the BODIPY fluorophores discussed above. The relatively hydrophilic properties of rhodamine owing to its cationic structure allow for biological applications. In addition, its sufficient photostability enables use in super-resolution imaging, most of which requires extremely high-density excitation/depletion lasers. 91, 92 However, a strategy for extending the wavelength into the NIR region has not been well established for over a century. However, some ideas for creating NIR rhodamines have recently been proposed.
Typical chemical structures of rhodamine and pyronin are described in Fig. 9 . In this review, the names pyronin (9-unsubstituted 3,6-diaminoxanthylium) and rhodamine (9-aryl-derived pyronin) are used unless otherwise noted, although there are some alternative names for "rhodamine" (e.g., rosamine, xanthylium dyes). The benzene ring and the pyronin unit in the rhodamine are basically orthogonal to each other, and hence, the optical properties of rhodamines rely on the pyronin unit, like in the case of fluorescein.
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3·2 NIR emitting rhodamines by chemical modification 3·2·1 Alkylated rhodamine (227 -239, Fig. 10 ) Typically, the alkylation of the nitrogen atoms of rhodamines is known to contribute to a bathochromic shift, as for example in the comparison of rhodamine 110 (227) and rhodamine B (229). Cyclized rhodamines, such as some of the Alexa Fluors TM (232 -238) 94 and rhodamine 101 (Texas Red, 230, 231), 95, 96 show longer-wavelength emission between 550 -620 nm with high extinction coefficients (70000 -100000 M -1 cm -1 ) and quantum yields (over 0.5). 21 Therefore, modifying the amine groups efficiently helps in wavelength tuning, while retaining good optical properties. However, the emission spectra are still in the green-red region, except for some cases (e.g. 239). 241 -252, Fig. 10) The influence of an aryl group coupled to a rhodamine core on the spectral properties is low, unlike the case of BODIPY. For example, 2,7-phenyl-substituted tetramethyl rhodamine (240) shows absorption/fluorescence maxima at 548/571 nm, respectively, 99 which is almost the same as that of 2,7-unsubstituted rhodamine (228, 545/560 nm). 10 However, rotation restriction of these phenyl rings (241) at the nitrogen atoms produces a red shift (582/604 nm) as well as an increase of the extinction coefficients and quantum yields. On the basis of this finding, several types of restricted rhodamines have been synthesized, which show long-wavelength emission at between 600 -650 nm along with high extinction coefficients (over 100000 M -1 cm -1 ) and quantum yields (over 0.5). 99, 100 The problem of water solubility caused by an increase in the hydrophobicity of the rhodamine core has been solved in several ways, 101, 102 and some derivatives are commercially available (e.g., Alexa Fluor 633, 252). 103 3·2·3 "10-Replaced" rhodamine (253 -299, Fig. 11 ) Recently, replacement of an oxygen atom at the 10 position with another atom, such as a different member of group 16 atoms (Se, 104 Te, 105, 106 ) or a group 14 atom (C, [107] [108] [109] Si, 110, 111 Ge, 111 Sn 111 ), was found to result in a remarkable change of the photophysical and chemical properties (253 -265). Especially, the noteworthy effect of replacing an oxygen atom with a group 14 atom has been confirmed, resulting in a revolution of rhodamines based on this approach. For ease of description, Fig. 11 Chemical structures of "10-replaced" rhodamines.
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3·2·2 Restricted rhodamine (
these rhodamines are denoted as "X-rhodamine (X-pyronin)" or "XR (XP)", where X indicates the replaced atom instead of an oxygen atom (e.g., Si-rhodamine or SiR). Carborhodamine/carbopyronin (C-rhodamine/C-pyronine, 254, 266 -293), which is the fluorescent backbone of some of the Atto dyes 112 (e.g., Atto610 and 647N), was first reported by the end of the 20th century in some patents. 107 Around 50 -60 nm bathochromic shifts were observed, 108 and due to the extreme photostability, some of those compounds are available for super-resolution microscopy, such as stimulated emission depletion (STED) imaging. 109, 113, 114 Si-pyronins (255) and Si-rhodamines (264, 294 -299), which were first reported by Xiao's group in 2008, 110 and further investigated by Nagano's group in 2011, 111 are among the most attractive fluorophores, because of their NIR absorption/emission spectra (over 650 nm) with high extinction coefficients (ca. 100000 M -1 cm -1 ) and quantum yields (0.3 -0.4 in aqueous buffer). Only the O-to-Si replacement results in a 90 nm bathochromic shift, 110, 115 making the creation of NIR fluorophores possible in combination with the cyclization modification described above. 116 119 HOCl imaging in vivo, 120 and for in vivo imaging coupled to an antibody. 116, 121 
3·3 Challenges concerning the improvement of rhodamine
Whereas rhodamines have attractive features (e.g., photostability, water solubility), some concerns about rhodamines for bioapplication still remain. Especially, one serious issue that should be considered is its strong localization in cells. Typically, most rhodamine fluorophores have a tendency to accumulate in mitochondria, presumably due to their cationic core. 122 This implies that the application of rhodamines is sometimes limited to mitochondrial imaging. Moreover, the hydrophobicity of NIR rhodamines is often higher than that of typical rhodamines, which may cause less cell permeability and unspecific binding or the formation of aggregates in cells, while sulfonate-decorated hydrophilic rhodamines (whose net charge is zero) did not show cell permeability. 98 Therefore, ideas of how to reduce the undesired accumulation in cells while maintaining sufficient cell membrane permeability are highly required, particularly for NIR rhodamines. Johnsson's group successfully managed the challenge to overcome these problems. 119 They found that the unique property of 2′-carboxyl Si-rhodamine (SiR-carboxyl, 298), which undergoes a polarity-sensitive rhodamine-spirolactone equilibrium (in Fig. 12) , results in excellent cell permeability, charge masking of rhodamine and a reduced background signal caused by nonspecific binding. Localization of the probe in cells was easily controlled by combining with self-labeling tag-ligand technology 123 (e.g., SNAP, 124 CLIP, 125 Halo tag 126 ), resulting in multicolor specific labeling of proteins of interest in living cells (in Fig. 13 ) and brain slices. These results demonstrate that SiR-carboxyl has the potential to become a standard NIR probe for versatile bioimaging applications, including live-cell super-resolution imaging, such as STED and direct stochastic optical 
NIR Fluorophores Based on Other Structures
4·1 Squaraine
Squaraine dyes (300 -316, in Fig. 14) , which have one electron-accepting group (hydroxycyclobutenone) in the center and two electron-donating groups on the edge of the fluorophore, have been widely investigated. 127, 128 Their donor-acceptor-donor sandwich structure leads to a large degree of charge-transfer, resulting in intense NIR absorption/fluorescence (650 -700 nm) with high extinction coefficients (around 200000 M -1 cm -1 ), and polarity-sensitive quantum yields (high in low-polar solvents, but very low in high-polar solvent). 127, 129 Recently, several NIR squaraines with emission maxima above 800 nm were reported, and herein some of them are reviewed.
The common ideas for extending the absorption/fluorescence wavelength are applicable: π-extension and an increase of the electron-donating ability of the donors. Anthracene-substituted squaraine (π-extended squaraine) shows intense emission at 805 nm, which is over 130 nm bathochromically shifted from the dimethylaminobenzene-substituted squaraine (301 -303). 130 In addition to the effect of aromatic ring fusion, the introduction of two more nitrogen atoms significantly contributes to the spectral red shift. 2,3-Dihydroperimidine (diaminonaphthalene)-derived squaraine (304) shows intense NIR absorption with its peak appearing at 808 nm, but the fluorescence quantum yield has not been determined. 131 A further investigation demonstrates that the modification of the amine atom significantly contributes to an increase in the quantum yield of up to ~50% in low-polar solvents (306). 132 This finding allowed the creation of near-infrared fluorescent labels with sulfonate groups (307), whose quantum yields increased upon labeling to proteins. 133 The polarity-sensitive character of squaraine, particularly fluorescence quenching, is assumed to be due to the strong-electron-accepting capacity of the cyclobutene ring unit, which presumably promotes the dye-solvent interaction. 134 Additionally, the electron-deficient property of the central cyclobutene facilitates the nucleophilic attack of thiols, resulting in a large hypochromic shift due to a breakdown of π-delocalization. 135, 136 These issues have been improved based on a supramolecular chemistry approach (squaraine-rotaxane complex) by Smith's group (309 -312). 137 They aimed at protecting the cyclobutene unit by a rotaxane, in order not only to prevent dye-dye stacking and dye-solvent complexation, but also to prevent the access of water or nucleophiles to the cyclobutene unit. This idea actually resulted in a noteworthy improvement of the optical properties in aqueous solution, 138, 139 which is sufficient for in vivo imaging applications. [140] [141] [142] [143] Recently, novel squaraines whose emission spectra appear at over 900 nm with high extinction coefficients and quantum yield (0.1, in dichloromethane) have been reported (313 -316), 144, 145 indicating that a further evolution of squaraines can be expected.
4·2 Cyanine
Despite of the long history of cyanine fluorophores, 146 their evolution seemed to have almost been completed with the establishment of the CyDye fluorophores. 12 Indeed, most fluorescent probes based on cyanine dyes have the same fluorescent core. However recently, two types of very unique cyanine fluorophores have been reported (317 -365, in Fig. 14) .
The first one involves the category of boron-chelated pyrrolopyrrole cyanine dyes (PPCy: 317 -342), or often called diketopyrrolopyrroles, developed by Daltrozzo's group. These look like BODIPY analogues. [147] [148] [149] [150] [151] The obtained PPCy series exhibits extremely sharp emission spectra in the NIR region (>700 nm) with high quantum yields and extinction coefficients. The emission spectra of further π-extended PPCys (343 -348) are shifted into the spectral range of close to 1000 nm (966 nm) with outstandingly large extinction coefficients (531000 M -1 cm -1 ), while maintaining spectral sharpness (half widths: 380 cm -1 ) and quantum yield (0.05). 151 The ideas behind aza-BODIPY are also applicable to PPCy, and the synthesized pyrrolopyrrole aza-BODIPY analogues exhibit NIR fluorescence (349 -351). 152 The other type of unique cyanine fluorophores has been reported by Lin's group. They were inspired to combine cyanine and rhodamine (352 -357), and the resulting cyanine dyes show intense NIR fluorescence, while having the characteristics of rhodamine dyes. 153 The idea has been extended to coumarin (358 -365), 154 with the fluorophores applied for turn-on fluorogenic probes for in vivo imaging.
While the argument as to whether these two dyes belong to the category of cyanine fluorophores may still remain, these unique examples tell us that breaking the conventional barriers in design sometimes results in unexpected "exciting" fluorophores.
Conclusions and Future Prospects
Since the possibilities of NIR fluorescent probes have been revealed for in vivo imaging, 155 chemists have pursued the creation of ideal brilliant NIR fluorophores. Great efforts have indeed led to the development of some brilliant fluorophores, which are highly expected for use in biological applications.
It is now time to shift to the next stage of development, that is, the question of how to create "useful" fluorophores for biological applications. As the absorption and emission wavelengths of fluorophores are increasing, the factors of associated undesired properties (poor water solubility, undesired intracellular localization or poor cell permeability) become more dominant. The establishment of smart and creative strategies to get out of this "trade-off dilemma" will usher in the next step involving the evolution of NIR fluorophores.
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